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 要  旨 
楽曲分析とは, 楽曲がどのように作られているかを調べることである. 本研究は, コンピュー
タを用いて人間らしい楽曲分析を自動的に行うことを目的とする. 自動的な楽曲分析が可能とな
れば, 作曲技法の学習や自動演奏の表情付けなど様々な応用が期待できる. 楽曲分析には, 旋律
の構造や和音構成など様々な要素があるが, 本研究では動機（モチーフ）の分析に注目をする.  
モチーフとは, 楽曲を構成する最小単位, つまり最小の意味のある音のかたまりである. 一般
に楽曲は, いくつかのモチーフに操作が加えられ, それらがつながって構成されると考えられて
いる. 特に, J.S. Bachに代表される多声音楽では, 同じモチーフが各声部で頻繁に反復される特
徴がある. モチーフ分析とは, 楽曲をモチーフで分割することである. 先行研究の整数計画法に
基づくモチーフ分析では, モチーフ変換に対して同値関係を定義し, その同値類を用いたモチー
フ分割問題を解くことでモチーフ分析を行っている. しかし, モチーフの形を変えない厳格な変
換しか考慮していないため, 人間の解釈とは異なる結果となっていた.  
本研究では, 同値関係の拡張や同値類のクラスタリングをすることで, モチーフ分析の改良を
試みた. 前者では, 厳格な変換のほかに, 臨時記号を除いた音名の差を考慮した変換を定義し, 
新たな同値関係を定義することで同値類の拡張を行った. 後者では, モチーフの音程の列をベク
トルとして捉え, ウォード法を用いてクラスタリングすることでモチーフ類の拡張を行った. こ
うしてできた新しい同値類やモチーフ類を用いてモチーフ分割問題を解き, 先行研究や専門家に
よる分析結果と比較した. 専門家の分析との部分的な一致や期待した結果が得られるなど, ある
程度の改善が見られた.  
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1 ????
1.1 ????????
??, ????????????????????????[1], [2]?. ???????
?,????????????????????????. 1957???????????
????????????????????,???????????????????.
?????????? [3]????? [4],???????? [5]???????????.
?? 2000????????,????????, iPod????????????????
??????, ??????????????, ??????????????????
??.
???????????????????????????????????. ???
?????????????????,????????????????????. ?
?????, ???????????????????????????, ??????
????????????????. ??????,???????????,?????
???????????????. ??????,?????????????????,
??????????????????????. ??, J.S. Bach??????????
??,????????????????????????. ????????,????
?????????????, ???????????????????, ??????
?????????.
?????????????????????????,????Generative Theory of
Tonal Music(GTTM)???????? [6]???????????????? [7]???.
[6]???????????????,?????????????????????. [7]
????????????????????????????????,???????
???????????. ????????, ?????????? [7]????, ??
????????????????????????????. ???????????
????,??????????????????????????????.
1.2 ??????
????,?????? 6????????. ? 2???,?????????????
???????????,? 3???,??????????? [7]?????. ? 4??
?,???? [7]?????????????????. ? 5???,?????????
????????,????????????,?????. ??????? 6??,??
??????????????????.
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2 ????
2.1 ????
????,????????????????????.
 ???????????????
 ?????????????????????????? +,???  ????
 ???????????????? 1????
 ???????????????????? 2.1?
 ??????????? 2.1?
 ???????????????????????? 2.2?
 ????????
 ?????????????????
 ?????????????,??????????
? 2.1: ??????
? 2.2: ????????????????????
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? 2.1: ????????
?? ?? ?? ??
16??? 1 ?? 16??? 1:5
8??? 2 ?? 8??? 3
4??? 4 ?? 4??? 6
2??? 8 ?? 2??? 12
??? 16
2.2 ??????????
??????????????????????????????????????
?. ????,???? 4?????????.
 ???Tp?????????? p??????p 2 Z?
 ???I???????????????,??????????
 ???R??????????????????
 ??????Ar?????????? r????r 2 R; r > 0?
????,???C4,D4,E4,F4???????????????????? 2.3–2.6???.
? 2.3: ?? T7?? ? 2.4: ?? I??
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? 2.5: ?? R??
? 2.6: ?? A 1
2
??
2.3 ????????
?? (????). ?? S ???? ??? 3??????????,?? ? S ????
?????. 8x; y; z 2 S ???,
1. ??????x  x
2. ??????x  y ) y  x
3. ??????x  y ^ y  z ) x  z
?? (???). ?? ??? S ?????????. a 2 S ???,
C(a) = fx 2 S j a  xg
? a? ??????????.
?? 2.1. ?? ; '??? S ?????????. ??  B  _ '?????,?? ?
S ?????????.
??. 8x; y; z 2 S ???,
1. x  x = (x  x) _ (x ' x)???, ; '??????????,???????.
2. ; '???????,
x  y = (x  y) _ (x ' y) ) (y  x) _ (y ' x) = y  x:
???,???????.
3. ; '???????,
x  y ^ y  z = (x  y ^ y  z) _ (x ' y ^ y ' z) ) (x  z) _ (x ' z) = x  z:
???,???????.
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?? (????). G??????????. ?? f : G G ! G?G?????????
??, (a; b) 2 G G?????G??? a  b?????.
?? (?). G??????????. G?????? f : G G ! G????????,?
? 3??????????, G?????.
1. ???????8a; b; c 2 G; a  (b  c) = (a  b)  c
2. ?????????9e 2 G s.t. 8a 2 G; a  e = e  a = a
3. ????????8a 2 G; 9 s.t. a  x = x  a = e
?? (???). ?? f ; g???? f  g,???? f  1???. ?????G??? 2???
???????, G???????.
1. f ; g 2 G ) f  g 2 G
2. 8 f 2 G; 9 f  1 s.t. f  1 2 G
2.4 ??????
????????,?????????????????? 1???????????
???????,???????????????????????????????. ?
????????????,???????????????????????????
????. ????? NP???????????????, ????????????
???????????????????????????. ???,??????? 0-1
????????????.
n?????????? N = fN1; N2; : : : ; Nng, m?????? M j  N ( j 2 f1; 2; : : : ;mg),
M j????? c j???. ???????, n m?? A = (ai j)?m??????x???
????????????.
minimize
mX
j=1
c jx j
subject to
mX
j=1
ai jx j = 1 (8i 2 f1; 2; : : : ; ng)
xi 2 f0; 1g (8i 2 f1; 2; : : : ;mg)
???, ai j? Ni 2 M j??? 1,??????? 0????????, x j? M j?????
? 1,??????? 0??? 0-1?????.
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2.5 ?????
???????????????????????????????????????
???????????????. ???????????,????????????
???????????????????,????????????????????
??. ????????????,??????????????????,??????
?????????????. ?????,????????.
1. ?????????????????????????????
2. ???????????????,??????????????
3. ?????????????,???????????????????????
4. ??????????????? 3?????
???????????????????,????????????????. ???
? 2.7????, 5???? A–E???,??? X?????????????????,
3???????A? D???, E? B???, C???????.
? 2.7: ???????????????
???????,???????C1;C2???D(C1;C2)?, n??????x 2 C1, y 2 C2
????????????.
D(x; y) = jC1jjC2jjC1j + jC2j
nX
i=1
(xi   yi)2
???, jCj?????C???????, xi = 1jCj
P
x2C xi???.
9
3 ????
???????? [7]?????. ??????????????, ????????
????????????????????.
3.1 ?????????
2.2???????? Tp; I;R; Ar?,??????????,???? E???????
???T ?????. ????,
Tp  T p = T0 = E;
R  R = E;
I  I = E;
Ar  A 1
r
= A1 = E;
???, T ??????????????.
???, T ????????????????????????.
??. ??????????M???. ????M1; M2 2 M????, M1????? E
?????????? T = fTp; I;R; Arg??????????? M2???????, M1
? M2??? ??????, M1  M2?????.
?? 3.1. ?? ????????.
??. 8A; B;C 2 M???,
1. E(A) = A?????, A  A????? .
2. 8X 2 T ; 9X 1 s.t. X 1 2 T :
X(A) = B???, X 1(B) = X 1  X(A) = A?????, B  A?????.
3. A  B ^ B  C ) 9X;Y 2 T s.t. (X(A) = B) ^ (Y(B) = C):
????, Y  X(A) = Y(B) = C???, Y  X 2 T ?????, A  C?????.

3.2 ????????
 ?????
?????????? Ni?????????, M j??????????????
???????. ???, Ni????????,?????????? i?????,
M j???????????????????????????????. ???,
????????? NUM = 4?????,? 3.1??????.
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? 3.1: NUM = 4????????????
?? A????????????????????????,?????????
??????????????. ??? NUM = 4???,?? A????????
???.
A =
0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@
1 1 1 1 0 0 0 0 0   
0 1 1 1 1 1 1 1 0   
0 0 1 1 0 1 1 1 1   
0 0 0 1 0 0 1 1 0   
0 0 0 0 0 0 0 1 0   
0 0 0 0 0 0 0 0 0   
:::
:::
:::
:::
:::
:::
:::
:::
:::
: : :
1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
????????,???Ni??? 1??????M j?????????????
mX
j=1
ai jx j = 1 (8i 2 f1; 2; : : : ; ng)
????,??????????????????????????????.
 ????
??????????,??????????????????,????????
??????. ???,???????????????????????????
???????, ?????????????????????????????
??. ???,????????????,??????????????????
????????????????????.
mX
j=1
x j
???, ??????????, ????????? ci??? 1????????
??.
11
 ???????????
???????????M?????????????????????????
? j????????????C???. C?????Ck (1  k  l)????, X?
??Ck?????????????????????? yk???. ????,??
???? P??????,
lX
k=1
yk = P
?????. ???, yk? x j??????????, X???Ck?????????
?????????P j2Ck x j????, yk??????????.
yk 
X
j2Ck
x j  Qyk (8k 2 f1; 2; : : : ; lg)
???, Q???????????, yk = 0???Ck?????????????
?, yk = 1???Ck????????? 1????????.
 ????????????
???????U??????????Ck????? KU ???,???????
? R????. X
j2Ck
x j  Ryk (8k 2 KU)
?????,??????????U????????Ck????R??????
???????.
????????,?????????,
minimize
mX
j=1
x j (1)
subject to
mX
j=1
ai jx j = 1 (8i 2 f1; 2; : : : ; ng) (2)
lX
k=1
yk = P (3)
yk 
X
j2Ck
x j  Qyk (8k 2 f1; 2; : : : ; lg) (4)X
j2Ck
x j  Ryk (8k 2 KU) (5)
xi 2 f0; 1g (8i 2 f1; 2; : : : ;mg) (6)
y j 2 f0; 1g (8 j 2 f1; 2; : : : ; lg) (7)
???.
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4 ????
4.1 ???????
???? [7]??,????????????????????????????,??
??????????????????????,?????????????????
?. ???,???C4,D4,E4,F4???????????,????? I?????C4,B?
3,A? 3,G3?????? 2.4??,???C4,B3,A3,G3?????????? 4.2????
????????. ?????????,???????????????,??????
???? T 0p; I0;R0?????. ???C4,D4,E4,F4?????????????????
???????? 4.1–4.3???.
 ???T 0p???????????? p????,?????????p 2 Z?
 ???I0????????????????????????,??????????
 ???R0???????????????,????????????
? 4.1: ?? T 07??
?????????????????? ';?????.
??. ??????????M???. ???? M1; M2 2 M????, M1?????
E?????????? T 0 = fT 0p; I0;R0; Arg??????????? M2???????,
M1?M2??? '??????, M1 ' M2?????.
?? 4.1. ?? '????????.
??. 8A; B;C 2 M???,
1. E(A) = A?????, A ' A????? .
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? 4.2: ?? I0?? ? 4.3: ?? R
0??
2. 8X 2 T 0; 9X 1 s.t. X 1 2 T 0:
X(A) = B???, X 1(B) = X 1  X(A) = A?????, B ' A?????.
3. A ' B ^ B ' C ) 9X;Y 2 T 0 s.t. (X(A) = B) ^ (Y(B) = C):
????, Y  X(A) = Y(B) = C???, Y  X 2 T 0?????, A ' C?????.

?? 4.2. ?? B  _ '???. ???? ????????.
??. ?? 2.1??, ????????. 
?????? ???????????????????.
4.2 ?????????????
??????????????????????????,????????????
??????????????????????? 4.4?. ???,??????????
??,?????????????????????????.
? 4.4: ??????????????????
?????????NUM = n?????,?????n 1?????????. ???,
i < n   1??????????, i + 1???? n???? 0?????. ??? NUM = 7
???,???C4,D4,E4,F4????????2; 2; 1???,?2; 2; 1; 0; 0; 0????. ???
? ?????????????????????,????????????????
???????. ???????????????Ck???,???????????.
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5 ?????
J.S. Bach? “Invention No.1 BWV 772”, “Invention No.3 BWV 774”, “Invention No.8 BWV
779”[8]? 3?????,?????????????????? [9]?????????
?. ??,??????????, 2014????? “Let It Go”?????????????
?????????????????. ????????????????????C?
?????????, 3.2?????????? (1)–(7)? LP?????????,???
????????? SCIP[10]????????????????. ?????????
5.1???????. ???????????? P,???????Q,???????R?
?????????? T ??????????,????????? NUM?,????
????????????????Let It Go??????????.
? 5.1: ???????
Invention No.1 Invention No.3 Invention No.8 Let It Go
n = 455 n = 494 n = 596 n = 173
m = 3612 m = 6825 m = 7670 m = 1023
P = 10 P = 10 P = 10 P = 10
Q = 100000 Q = 100000 Q = 100000 Q = 100000
R = 0 R = 0 R = 0 R = 0
T = 0:125 T = 0:125 T = 0:125 T = 0:125
NUM = 8 NUM = 14 NUM = 13 NUM = 6
5.1 Invention No.1 BWV 772
?????????????? 5.1–5.4???. ??????????????????
????,??????????????. ???,??????????? 1?????
????,????? 0?????. ????????,???????????????
?,????????,????????????????????????.
 ?????????? 5.5??
???????, 1, 2???????A????B????????????. ??
? A????, ???? a1, a2?????????????. ?? A??????
???????, A?????? a??????????.
 ????????? 5.2??
??? 1, 2???????, 1???????????? 5? 7, ??? 6????
???, 2???? 0, 1, 6?????????. ???????????????, 5
? a1, 7? a2+B, 6?A????????????????. 2???? 1????
???????, 1???????????????????????. ???, ?
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?????????1????? 9??? 10?????  1????, 2?????
9??? 10?????  2???,??????????????????????
????????????. ???, 7?????? 6? 8?????? 8? 15??
???? 5, 3? 17???? 9???????????????.
 ???????????? 5.3??
??? 1, 2???????, 1???, 2??????????? 5? 3?????
????. 1???? 2???????????????,???????????.
???,????????????, 5?A???????? 1????, 3? 1??
????. ????????????????? 2??????A?A?????
??????? 3?????? a??????, 1????A??????????
????? 7??? 8???????????,????????????????
???????????. ??, 3?5?????? 11?13?????? 6? 5??
???????, 6??????????. ???,?????? 6????????
??, ??????????????????????????????????
????.
 ???????????? 5.4??
??? 1, 2???????, 1???????????? 2? 5,??? 0? 2???
????, 2???? 2?????????. 1???? 2????????????
????. ???, 3???? 4?????? 9?12??????????????
???????. ??,????? 6, 7, 8???????????????????.
? 5.1: Invention No.1???????? 10?????????????
16
? 5.2: Invention No.1?????????????
17
? 5.3: Invention No.1????????????????
18
? 5.4: Invention No.1????????????????
19
? 5.5: Invention No.1????????????
20
5.2 Invention No.3 BWV 774
?????????????? 5.6–5.10???. ????????????????
??????,??????????????. ???,??????????? 1???
??????,????? 0?????. ????????,?????????????
???,????????,????????????????????????.
 ?????????? 5.9??
???????, 1?3???????A? 4, 5???????B????????
???????. ???A????,???? a1, a2, a3????????????
?. A??????????????,????A???????????????
??????.
 ????????? 5.6??
??? 1–5???????, 1–5?????????? 0, 1, 5?????????.
???????????????, 1? a1???, 5? a2+a3??????????
???. ????????, ????????????????????????,
????????????.
 ???????????? 5.7??
??? 1–5???????, 1–5?????????? 0, 1, 5?????????.
???,???????????????????????. ????????, 1?
???????????????????????????????. ?????,
????????????, 3? 4????,?????????????????
??.
 ???????????? 5.8??
??? 1–5???????, 1–3????????? 1? 7, 4, 5???? 2? 7??
???????. ???????????????, 7????B????????
?, B? 2??????????????????. ??????????????
5? 6???????????????????,?????????.
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? 5.6: Invention No.3?????????????
22
? 5.7: Invention No.3????????????????
23
? 5.8: Invention No.3????????????????
24
? 5.9: Invention No.3????????????
25
? 5.10: Invention No.3???????? 10?????????????
5.3 Invention No.8 BWV 779
?????????????? 5.11–5.14???. ????????????????
??????,??????????????. ???,??????????? 1???
??????,????? 0?????. ????????,?????????????
???,????????,????????????????????????.
 ?????????? 5.15??
???????, 1–12???? 1????????,???A???? B????,
?????? C, D??????. 12???????????,?????????
E?????????,????????????????. ??????????
???????????????????????????.
 ????????? 5.12??
??? 1–12???????, 3?????????????????. ??????
??????, 5?????? 7? C????????,????????????
??????????. ???,?????????????? 1??? 2????
? +4????,???? 1??? 2????? +3???,???????????
???????????????????????.
 ???????????? 5.13??
??? 1–12???????, 0–4? 8???????????????. ?????
???????, 4????7???? 4? 10???? 9????? C?D???.
???, A? B?????????, 1? 2??????????????.
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 ???????????? 5.14??
??? 1–12???????, 0–6? 9???????????????. ?????
???????, 4–7???? 4?C?, 8???? 5? b?, 10???? 6?D??
?. 19, 20?????? 7? 21–23?????? 8????????,??????
????????????,?????????.
? 5.11: Invention No.8???????? 10?????????????
27
? 5.12: Invention No.8?????????????
28
? 5.13: Invention No.8????????????????
29
? 5.14: Invention No.8????????????????
30
? 5.15: Invention No.8????????????
31
5.4 Let It Go???????
????????? 5.16???. ??????????????????. ?????
????,???????,????.
 ????????
10?????????, 6??? 2????????????. ???, 3????
??????????????????????????. ?????????,?
????????????????????, ????????????????
????????????????????.
 ???????????
???????????, 2???????????. ?????????????,
2????????????????, 3????????? 1?????????
??. ?????????,?????????????????????????
??,???????????????????????.
 ???????????
?????????????????????, 2???????????????
??. 8????????? 2? 22???? 4????????????????
???????,??????????????????????. ?????,?
? 4????? 4???????????????????,??????????
?????????????.
? 5.16: Let It Go???????? 10?????????????
?????????????, ????????????????, ????????
????????????,?????????????????. ????????,?
?????????????????????????????????,??????
???????????????????????????. ???????,?????
??????????????, ???????, ?????????????????
?????????. ??????????????????????????????
32
????????????????. ??????????,????????????
??????????.
????????, 1?? 2?????????????????????????,?
??????????????????????????????????. ????
???????????????????????????????????,????
????????????????????. ???????????????????
???????????????????????????????????. ??,?
?????????????????, ????????????, ?????????
??????????.
6 ????
?????,?????????????????????????????????
?. ????????????????????????????,?????????
???. ???,?????????????????,???????????????
?????. ?????????,????????????????????????
???????.
??
???????????,?????????,?????????. ????????
???. ??,???????????????,???????????. ??????
??,????????????????????. ??,??????????????
??,????????????????????. ???,?????????????
???????,??,??????????.
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